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;=<SR0<SR TI,^3LMA[Z#A,JXnHo I,A5JF=DGp,V_A,F=LMDi<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O< q
;=<SR0< r s.DGF=p,DGLMfKCEfV_DEZ#H,LkZtCEL>u=XVWH,XVvJF=DGp,V_DGfXjMVw<O<O<O<O<O<P<O<O<O<O<O<O<O<O< x
;=<SR0< ry<>; z.^3LMVGVGL>u0L>CEf5<O<O<O<O<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O< x
;=<SR0< ry<SR TF=L|{%F=A,H[Z#^3XA7C}Z#jMXnH,IDEZ]\=F=A,A,X^3XA7CvCE`,XDG^3LMabI,X@<O<O<O< x
;=<SR0< ry< r ?BA,H,LMJX~JF=^3p,jMXyXO<O<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<;ﬀ



































ry< rcegXVGJDGLMpyCELMF=A H,XPjkZCEDEZ#A,VGL>CELMF=AiJ}`,F0JBH,fKCEF=A[ZtCELMF=A(<O<O<O<O<O<P<O<O<O<O<O<O<O< r=
ry<  ÅF=A,A[Z#LMVGVEZ#A,JXVgZ#JKCEI,XjMjMXVH,XPjkZ§ÄvÅWeHo I,AXyp,jMF=VGL>{¶jMLMabI,LMH,Xn`,F=^3F==ÂA,X <O< r=r
ry<SQ ?B^3pF=DC}Z#A,JX~H,XPjkZCEX^3pfDEZtCEI,DGX <O<O<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O< r#
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,<>;@Ä!XJ}`,A,LMabI,XVvHo Z#A[Z#j>\0VGXPF=pyCELMabI,XPpF=I,Dj±o fKCEI,H,XPH,XV_^ÆZtCEfDGLkZ#I0*JF=A,H,XA,VGfV <m,;
,<>;=<>; T4Zlp7\0DGF=^3fKCEDGLMX~F=pyCELMabI,X <O<O<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<m,;













dy<>; ÅWZ#DEZ#JKCEfDGLMVCELMabI,XV_F=pyCELMabI,XV_H,I A,L>CEDGF=^3fKCE`[Z#A,X <O<O<O<O<O<O<P<O<O<O<O<O<O<O<ÁQ0;
dy<SRcÅWZ#`,LMXDH,XV_J}`[Z#DG=XVO¿[JF=A7CEDEZ#LMA7CEXV_XKC_H,F=^ÆZ#LMA,XnVGpXJKCEDEZ#j§<O<P<O<O<O<O<O<O<O<ÁQ=R
dy< rcegLMVGJI,VGVGLMF=AVGI,D_jMX~J}`,F=LŁiH,I^ÆZtCEfDGLMXj|H,XOVGpXJKCEDGF=VGJF=p,LMXPHo f^3LMVGVGLMF=A<O<O<O<ÁQt
dy< ry<>; WZ#DGDGXKCGCEX~H,XPH,fKCEXJKCEXI,DGV <O<O<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<ÁQt
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dy< ry< r ÅF=A,JjMI,VGLMF=A<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<ÁQ=Q
dy<  '0pXJKCEDGF=VGJF=p,LMXPHo f^3LMVGVGLMF=AiH[Z#A,V_jMX~H,F=^ÆZ#LMA,Xgu0LMVGLMY,jMXPyÊ ryÊ (7Q*)#+ <O<O<O<ÁQ#d
dy< ,<>; 'b\0VCEÂ^3XPH,XPJF=jMjMXJKCEX~H,I-,[I0<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<ÁQ=q
dy< ,<SR ÍF=A,F0J}`,DGF=^ÆZtCEXI,D <O<O<O<O<O<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<ÁQ#x
dy< ,< r egfKCEXJKCEXI,D <O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O< d=
dy< ,<  ×JabI,LMVGL>CELMF=A<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O< dy;
dy< ,<SQ ÅWZ#jMLMY,DEZtCELMF=A <O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O< dy;
dy< ,< d ÅWZ#jMJI,jHo XDGDGXI,D<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O< d7R
dy< ,< dy<>; '0F=I,DGJXV_Ho XDGDGXI,DGV<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O< d7R
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CEI,DGX~H,XPjMI,^3LMA[Z#A,JXnJ]Z#jMJI,jMfX5<O<O<O<O<O<O<P<O<O<O<O<O<O<O< d=r
dy<SQﬃ'0pXJKCEDGF=VGJF=p,LMXPHo f^3LMVGVGLMF=AiH[Z#A,V_jMX~H,F=^ÆZ#LMA,XnLMAy{%DEZ#DGF=I,=X3<O<P<O<O<O<O<O<O<O< d7Q





dy<SQ0<SR '0pXJKCEDGF=VGJF=p,LMXPHo f^3LMVGVGLMF=A Z]u=XJOH,XVvH,fKCEXJKCEXI,DGVv?BA PZ#×gV <O<O<O<O< d7q
dy<SQ0< r ÅF=A,JjMI,VGLMF=A§XKC¤pXDGVGpXJKCEL>u=XV.H,XWjkZvVGpXJKCEDGF=VGJF=p,LMXHo f^3LMVGVGLMF=AH[Z#A,V
j±o LMAy{%DEZ#DGF=I,=Xgp,DGF0J}`,X <O<O<O<O<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O< d=x









q0<>;=<>; vZ#p,pXjVGI,D_jMXV_p,DGF=p,DGLMfKCEfVH,I5ËnÍ H[Z#A,V_jMX~H,F=^ÆZ#LMA,Xgu0LMVGLMY,jMX <O<O<Áq=Q
q0<>;=<SR _fVGI,j>C}ZtCEVVGI,D_jMXV_VGLM=A[Z#I0iH,XPjMI,^3LMA[Z#A,JXnF=YyCEXAbI,V(<O<O<O<O<O<O<O<Áq=Q
q0<SR Ä!X^3pfDEZtCEI,DGXV_H,XPjMI,^3LMA[Z#A,JX <O<O<O<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<Áq#x
q0< rÅF=^3p[Z#DEZ#LMVGF=A Z]u=XJOjMXVXVGVEZ#LMV_H,XPp7\0DGF=^3fKCEDGLMX <O<O<O<O<O<P<O<O<O<O<O<O<O<O< (y;








(y<>;=<>; s.DGLMA,JLMp[Z#I0iDGfVGI,j>C}ZtCEV <O<O<O<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O< (7Q
(y<>;=<SR ÅF=^3p[Z#DEZ#LMVGF=A,VH,XVWp,DGF#h[jMV %j±o XA7CEDGfXgH,I*J}`,F0J#Ê %OjkZP{%F=DG^ÆZtCELMF=AÀH,X
jkZ§VGI,pXDGH,fKCEF=A[ZtCELMF=AÊ[Z]u#Z#A7C_XKCvZ#p,DGÂV_VEZ§{%F=DG^ÆZtCELMF=A*XKC_XAH,fKCEF=A[Zﬂ
CELMF=AifKC}Z#Y,jMLMX <O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O< (=x
(y<SRcÅF=^3p[Z#DEZ#LMVGF=A Z]u=XJOjkZ§p7\0DGF=^3fKCEDGLMX#Ê,jMF=DGVH,XPjkZ§H,fKCEF=A[ZtCELMF=A fKC}Z#Y,jMLMXn<O<O<O<O< xy;
(y< rU?BA7CEXDGp,DGfKC}ZtCELMF=A H,XVvDGfVGI,j>C}ZtCEVn<O<O<O<O<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O< x7R
(y< ry<>; _fVGI,j>C}ZtCEVH[Z#A,V_jkZljML>CGCEfDEZtCEI,DGX <O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O< x7R
(y< ry<SR z.VGpÂJXVvXAp,DGfVGXA,JXl<O<O<O<O<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O< x#
(y< ry< r _XJ}`,XDGJ}`,XH,XV_J]Z#DEZ#JKCEfDGLMVCELMabI,XV_F=pyCELMabI,XV_H,XV_^3LMjMLMXI0 <O<O<O<O<O< x=d
(y< ry< ry<>; egfKCEF=A[ZtCELMF=AifKC}Z#Y,jMLMX <O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O< x=d
(y< ry< ry<SR s.DGF=p[Z#7ZtCELMF=AiH,XPj±o F=A,H,X~H,XPVGI,pXDGH,fKCEF=A[ZtCELMF=A <O<O<O<O<O<.;ﬀ7R
(y< ry< ry< r z¤C}Z#pXXA7CEDGXj±o XA7CEDGfX³H,IJ}`,F0J³XKC¶jkZW{%F=DG^ÆZtCELMF=A~H,X³j±o F=A,H,X
H,XPVGI,pXDGH,fKCEF=A[ZtCELMF=A<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<.;ﬀ7Q
(y< ry<  ÍF0H,fjMLMVEZtCELMF=A*H,IJF0X3JLMXA7CvHo Z#Y,VGF=DGpyCELMF=A <O<O<P<O<O<O<O<O<O<O<O<.;ﬀ7q
(y< ry< ,<>; ÍF0H,fjMLMVEZtCELMF=A H,I JF0X3JLMXA7CiHo Z#Y,VGF=DGpyCELMF=AH,XV*p[Z#DCELŁ
JI,jMXVH,XOJ]Z#DGYF=A,X <P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<.;ﬀ7q
(y< ry< ,<SR ÍF0H,fjMLMVEZtCELMF=A~H,IJF0X3JLMXA7C¶Ho Z#Y,VGF=DGpyCELMF=AOH,X³jkZWu#Z#pXI,D
Ho X]Z#I <O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<.;=;ﬀr
(y< ry< ,< r 'b\0A7CE`,ÂVGX§<O<O<O<O<O<P<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<.;=; (
























xy< ry<>; egfKCEF=A[ZtCELMF=AZ#IyCEF=A,F=^3XnVC}ZtCELMF=A,A[Z#LMDGXnVGF=IyCEXAbI,X <O<P<O<O<O<O<O<O<O<.;ﬀr=x
xy< ry<SR egfKCEF=A[ZtCELMF=A5VC}ZtCELMF=A,A[Z#LMDGXOZ]u=XJ§H,fKCEXA7CEX§H,XVnp,DGF0H,I,L>CEVvLMVGVGI,VnH,XjkZ
H,fKCEF=A[ZtCELMF=A<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<O<O<O<P<O<O<O<O<O<O<O<.;]7
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
H,XJF=^§Y,I,VCELMF=ApXDG^3XKCGCEXA7CgHo fKCEI,H,LMXDgjMXVvH,F=^ÆZ#LMA,XV_F5jMXVvp,DGXVGVGLMF=A,VgVGF=A7CgH,XabI,XjMabI,XV
H,LM]Z#LMA,XV_H,XOY[Z#D_XKCgjMXVCEX^3pfDEZtCEI,DGXVvH,XOj±o F=DGH,DGXPH,X§R#==  Ł;ﬀx±Ê¼F=ApXIyCgH,L 3JLMjMX^3XA7C
X0CEDEZ#pF=jMXD*jMXI,DGVip,DGF=p,DGLMfKCEfV F=pyCELMabI,XV-% JXjMjMXV*H,XV p,DGF0H,I,L>CEViH,X½DGf]Z#JKCELMF=A LMVGVGI,ViH,X°jMX
H,fKCEF=A[ZtCELMF=A°Ho I,A9Xyp,jMF=VGL>{<!Ågo XVCpF=I,DGabI,F=L.jkZip7\0DGF=^3fKCEDGLMXÀXVCY[Z#VGfX3VGI,DOjMXlJ}`,F=LŁ¾Ho I,A
^3F0H,ÂjMXWH,Il{2Z#JKCEXI,DHo f^3LMVGVGLMF=A<=T.o `7\0pF#CE`,ÂVGXvH,X_JF=DGp,VA,F=LMD¤F=IÀ=DGLMV¤XVC³JF=I,DEZ#A7CEX  R=RbÊ (=0Ê
(=dH,XVn`7\0pF#CE`,ÂVGXV~p,jMI,VgJF=^3p,jMXyXVgJF=^3^3XOjkZÀu#Z#DGLkZtCELMF=AjMLMA,f]Z#LMDGX~F=IwpF=j>\0A,F=^3LkZ#jMX~H,I




ZtCGCEXLMA,H,DGXl;ﬀ== p[Z#D_XyX^3p,jMX~pF=I,D_I,AfJ]Z#DC_Ho f^3LMVGVGL>u0L>CEf~H,XOyÊ (y<
Ågo XVC3pF=I,DGabI,F=L±Ê¶VGI,L>CEX Z#I09CEDEZ]u#Z#I0 H,X*CE`,ÂVGX H,X Tf]Z#jŁÅDGF=I,XKCÀZ#IÅWz  VGI,Dlj±o Z#p0
p,jMLMJ]ZtCELMF=AwH,XÀjkZ*p7\0DGF=^3fKCEDGLMXlF=pyCELMabI,X %ij±o fKCEI,H,XlH,XVOXyp,jMF=VGL>{%V~JF=A,H,XA,VGfV  Q#±ÊLMj¤XVCZ#p0





jkZwVGpXJKCEDGF=VGJF=p,LMX Ho f^3LMVGVGLMF=AÊ!CEXJ}`,A,LMabI,Xi{2Z#JLMjMX^3XA7CÀZ#H[Z#pyC}Z#Y,jMXiZ#I H,LMVGpF=VGL>CEL>{_H,X H,fKCEFt
A[ZtCELMF=A XyLMVC}Z#A7ClH,I ÅWz l<¤TXÆH,F=^ÆZ#LMA,XÆVGpXJKCEDEZ#jXA7u0LMVEZ#=f*LMA,L>CELkZ#jMX^3XA7COfKC}Z#L>CJF=^3p,DGLMV
XA7CEDGX3yÊ riXKCQ )#+½<4s!F=I,D~H,XVPDEZ#LMVGF=A,VnCEXJ}`,A,LMabI,XVÊVGXI,jMXÀj±o Xyp,jMF=DEZtCELMF=A5H,I¾H,F=^ÆZ#LMA,XOu0LŁ








XKCÀHo Z#JJfH,XD %½jMXI,DlDGfp[Z#DCEL>CELMF=A VGp[ZtCELkZ#jMX*XKClCEX^3pF=DGXjMjMX#<¤ÅXKCGCEX H,fKCEXDG^3LMA[ZtCELMF=A DGXpF=VGX
VGI,D§j±o LMA7u=XDGVGLMF=A ^ÆZtCE`,f^ÆZtCELMabI,X3H,Xij±o fabI[ZtCELMF=A9H,XÆCEDEZ#A,V{%XDClDEZ#H,LkZtCEL>{Ho I,A ^3LMjMLMXI¾VGX^3LŁ
CEDEZ#A,VGp[Z#DGXA7C]<,× A,F#CEDGXnJF=A,A[Z#LMVGVEZ#A,JX#Ê,JXKCGCEX~^3fKCE`,F0H,XnAo Z 2EZ#^ÆZ#LMVfKCEf~Z#p,p,jMLMabI,fXnXA H,fKCEFt
A,LMabI,X#<T4ZÆ^3fKCE`,F0H,XH,X§DGfVGF=jMIyCELMF=A5p,DGfVGXA7CEfXÀLMJL¶Z3{2Z#L>Cgj±o F=Y 2GXKCnHo I,A,XlJF0F=pfDEZtCELMF=AwZ]u=XJ




























CEF=A[ZtCELMF=A H,IÅWz  IyCELMjMLMVGf3pF=I,D§jMXVlXVGVEZ#LMVlHo LM^3p[Z#JKC§p,jkZ#A<¤TXiJ}`[Z#p,L>CEDGXidwH,fJDGL>C
XA,VGI,L>CEX~jMXnH,LMVGpF=VGL>CEL>{H,X~VGpXJKCEDGF=VGJF=p,LMX#<[×gp,DGÂVvZ]u=F=LMDWp,DGfVGXA7CEfPjMXVJ]Z#DEZ#JKCEfDGLMVCELMabI,XV
F=pyCELMabI,XV~H,I¾A,L>CEDGF=^3fKCE`[Z#A,X§XKCPfKC}Z#Y,jML¤I,A°J]Z#`,LMXD~H,XVPJ}`[Z#DG=XVÊA,F=I,VPH,LMVGJIyCEF=A,VPH,I
J}`,F=LŁ H,I5^ÆZtCEfDGLMXj±<,T.o Z#A[Z#j>\0VGXPVGpXJKCEDEZ#jMXOXVCgVGJLMA,H,fXOXA5H,XI0fKCEI,H,XV¿[j±o fKCEI,H,XOH,I





H[Z#A,VPjMXÀH,F=^ÆZ#LMA,Xu0LMVGLMY,jMX#< nA¾H,LMVCELMA,=I,Xlj±o Z#A[Z#j>\0VGX§CEX^3pF=DGXjMjMX§H,XVPVGLM=A[Z#I0 %J}`[Zﬂ
p,L>CEDGXOq WH,XPj±o Z#A[Z#j>\0VGXPVGpXJKCEDEZ#jMX %J}`[Z#p,L>CEDGX ( <¼ÅF=^3pyCEXCEXAbI5H,XVvF=Y,VGXDu#ZtCELMF=A,V_VGI,D
jMXV!J]Z#DEZ#JKCEfDGLMVCELMabI,XV!F=pyCELMabI,XV¶H,XV¶^3LMjMLMXI0nXA§H,fKCEF=A[ZtCELMF=AÊﬂZ]u#Z#A7C]ÊﬂpXA,H[Z#A7C¤XKC.Z#p,DGÂV







Ä!F=IyCÆHo Z#YF=DGHj±o Z#A[Z#j>\0VGX H,XVGXA,VGLMY,LMjML>CEfiH,X5j±o fabI[ZtCELMF=A H,X CEDEZ#A,V{%XDCÆDEZ#H,LkZtCEL>{nZ#I0
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F=I^3F=jMfJI,jkZ#LMDGX#<yTF=DGVGabIo I,AwZtCEF=^3X~F=II,A,XO^3F=jMfJI,jMXnVEZ#IyCEXOHo I,A5A,L>u=X]Z#IHo fA,XDG=LMX %ÀI,A
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Courbe des maxima (loi du déplacement de Wien)
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T4Z pF=VGL>CELMF=AH,I ^ÆZﬂyLM^§I,^ H,X½jkZ JF=I,DGYX°H,X½jMI,^3LMA[Z#A,JXu#Z#DGLMX½XA {%F=A,JKCELMF=A H,X½jkZ





"<ﬂ< )#+  ;=<Sq 
´HG G ﬀ w,.«g,£|y£ ,¢g¤y












Ho f^3LMVGVGLMF=A VGpXJKCEDEZ#jF=I f^3LMVGVGL>u0L>CEfÆ^3F=A,F0J}`,DGF=^ÆZtCELMabI,X3JF=^3^3X3fKC}Z#A7CljMXÆDEZ#p,pF=DC§H,X*jkZ
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XVCjMLMf&% jkZipXDG^3f]Z#Y,LMjML>CEf§H,LMfjMXJKCEDGLMabI,XlXKC % jkZipXDG^3L>CGCEL>u0L>CEf§^ÆZ#=A,fKCELMabI,XÀDGXjkZtCEL>u=XlH,I
^3LMjMLMXI<|TXVPp[Z#DCELMXV~DGfXjMjMXlXKCOLM^ÆZ#=LMA[Z#LMDGXOH,XÀj±o LMA,H,LMJX§JF=^3p,jMXyXÀVGF=A7COjMLMfXV~p[Z#D~jMXVPDGXjkZﬂ
CELMF=A,V¤H,X ~DEZ#^3XDGV ~DGF=A,LM,ÊtJ}`[Z#JI,A,X_H,XVp[Z#DCELMXV¤Vo Xyp,DGLM^ÆZ#A7CJF=^3^3XWj±o LMA7CEf=DEZ#jMX³VGI,L>u#Z#A7C
jkZjMF=A,=I,XI,DHo F=A,H,X*Ho I,A,XÆ{%F=A,JKCELMF=A9H,X*j±o Z#IyCEDGX#<!T.o fKCEI,H,XiH,XÆJXVlDGXjkZtCELMF=A,VP^3F=A7CEDGXÆabI,X






























































































































































































































































































































 q#r±<|TF=DGVGabI,Xlj±o fp[Z#LMVGVGXI,DgF=pyCELMabI,XXVC~jkZ#DG=X^3XA7CgVGI,pfDGLMXI,DGX&%5; 2Z#p,p,DGF]yLM^ÆZtCELMF=AHo I,A





Z |XJKCEf5p[Z#D3VGF=A u=F=LMVGLMAXKCÆjMX CEDEZ#A,V{%XDCÆDEZ#H,LkZtCEL>{%°j±o LMA7CEfDGLMXI,DÀH,X5j±o fJ}`[Z#A7CELMjMjMF=A H,XKu0LMXA7C
I,A½p,DGF0JXVGVGI,VPH,XlH,L|I,VGLMF=A<¼×mj±o LMA7u=XDGVGX#ÊjMF=DGVGabI,X§j±o fp[Z#LMVGVGXI,DnF=pyCELMabI,X§XVCPLMAy{%fDGLMXI,DGX*%w;
2Z#p,p,DGF]yLM^ÆZtCELMF=AÀHo I,Ai^3LMjMLMXI % )		2#'ﬂ* ﬂ*ﬁ')  ﬁﬃ( ﬂÊ0I,A*p,`,F#CEF=A*f^3LMVp[Z#DI,A*fjMf^3XA7CWH,X
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TXV3p,`,fA,F=^3ÂA,XV3Ho Z#Y,VGF=DGpyCELMF=A XKCÆHo f^3LMVGVGLMF=A VGF=A7CÆDGXp,DGfVGXA7CEfV*VGF=I,Vl{%F=DG^3XiHo I,A,X
JF=I,DGYX§H,F=A,A[Z#A7CnjkZ3u#Z#DGLkZtCELMF=A H,X§j±o LMA7CEXA,VGL>CEf§Z#Y,VGF=DGYfX§F=Iwf^3LMVGXXA5{%F=A,JKCELMF=AwH,X§jkZ3jMF=A0
=I,XI,DvHo F=A,H,X  )#+ Ê[H,XOjkZ§{%DGfabI,XA,JX 	
 F=IH,I5A,F=^§Y,DGXPHo F=A,H,X 

+ ,/.  [F=AwZ#p,pXjMjMX
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T4Z§H,I,DGfX~H,Xnu0LMX
-
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12-20 GPa, 3500-4000 K, 2000 kg/m
3
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J}`,F0abI,fÆVGXÀ{%F=DG^3X %j±o LMA7CEXD{2Z#JXÀLM^3p[Z#JKCEXI,DtXyp,jMF=VGL>{  q (0Ê
;ﬀd±<z.A½X |XKC]Ê|J#o XVCPH[Z#A,V~JXKCGCEX§F=A,XlabI,Xlj±o Xyp,jMF=VGL>{ZÆXI°jMXp,jMI,VnH,XCEX^3p,VnpF=I,DgDGf]Z#=LMD
 r (yÊ0r=x±<0TXV³CEDEZ]u#Z#I0ÆH,XnTf]Z#jŁÅDGF=I,XKC ﬂ*)Hﬀ.  Q0; p,DGF=pF=VGXA7CWabI,XnjkZPVGI,pXDGH,fKCEF=A[ZtCELMF=AÆVGX
{%F=DG^3XDEZ#L>CPXA9DGf]Z#jML>CEf % I,A,XÆJXDC}Z#LMA,X3p,DGF#{%F=A,H,XI,DOH[Z#A,VOj±o Xyp,jMF=VGL>{Ê{%F=A,JKCELMF=A¾H,X3jkZ p,DGXV










H,XKu=XA,LMDOI,A,X3F=A,H,X3H,XÀVGI,pXDGH,fKCEF=A[ZtCELMF=A< '0XI,jMVPjMXV~CEDEZ]u#Z#I0¾H,X   Z#j 1#XDLﬂ*) ﬀ.  r (Z#LMA,VGL
abI,XÆJXI09H,X*s.I2GF=j ﬂ*) ﬀ. d#³DGX^3XKCGCEXA7C§XA9J]Z#I,VGXÆj±o XyLMVCEXA,JXÆH,XÆjkZiVGI,pXDGH,fKCEF=A[ZtCELMF=A
XKCPp,DGF=pF=VGXA7COH,XVP^3F0H,ÂjMXV~p,DGF0J}`,XVPH,XVPp,DGF0JXVGVGI,VOH,XÀH,fJF=^3pF=VGL>CELMF=Aw`,fKCEfDGF==ÂA,X %p[Z#D




H,I,L>CEV.H,X_DGf]Z#JKCELMF=AÀH,IÆËnÍ abI,L[VGF=A7CCEDGÂVDGf]Z#JKCEL>{%V Ł;] ±<begX_p,jMI,VÊ=jMXVp,`,fA,F=^3ÂA,XV³H,X_H,fKCEFt
A[ZtCELMF=A5XA7CEDEZ^kA,XA7C~H,XVnJF=A,H,L>CELMF=A,VvCE`,XDG^3F0Hy\0A[Z#^3LMabI,XVvVGfKu=ÂDGXVPXAwCEXDG^3XVnH,X§p,DGXVGVGLMF=AÊ
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JF=^3pF=VGL>CELMF=A H,IËnÍF=A7C3fKCEfp,DGF=pF=VGfV<³T4Z°Hy\0A[Z#^3LMabI,X^3F=jMfJI,jkZ#LMDGXÆJjkZ#VGVGLMabI,XF=I  
ﬁ')	 *XKC~jkZÆJ}`,LM^3LMXabI[Z#A7CELMabI,XlF=A7C~JF=A,H,I,L>C %*fKC}Z#Y,jMLMDvH,XVPp,DGF0JXVGVGI,VPH,X§H,fJF=^3pF=VGL>CELMF=A
Y,LM^3F=jMfJI,jkZ#LMDGX  ryÊ¼q=R±<¼s¶Z#D_Z#LMjMjMXI,DGVÊyj±o `7\0pF#CE`,ÂVGXPHo I,A,XPH,F=I,Y,jMX~JLMA,fKCELMabI,XPp,jMIyC#CabIo I,A,X

















































	  bq±Ê=jkZgCEX^3pfDEZtCEI,DGXH,X^3XI,DGXH,L 3JLMjMX%~^3XVGI,DGXD<bÅgo XVC³pF=I,DC}Z#A7CI,AÀp[Z#DEZ#^3ÂKCEDGX
A,fJXVGVEZ#LMDGX % jkZ JF=^3p,DGf`,XA,VGLMF=A H,XVDGf]Z#JKCELMF=A,ViJ}`,LM^3LMabI,XViabI,LPVGX°p,DGF0H,I,LMVGXA7CjMF=DGViH,X
j±o LMA,L>CELkZtCELMF=AH,XÀjkZ*H,fKCEF=A[ZtCELMF=A°XKC %ijkZiJ]Z#DEZ#JKCEfDGLMVEZtCELMF=A½H,XÀj±o fKC}ZtC~CE`,XDG^3F0Hy\0A[Z#^3LMabI,X§H,XV
p,DGF0H,I,L>CEVvH,XH,fKCEF=A[ZtCELMF=A<egXp,jMI,VÊjkZlu#Z#jMXI,DvH,XOCEX^3pfDEZtCEI,DGXJ]Z#jMJI,jMfXZ]u=XJ§I,Aw^3F0H,ÂjMX
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×gIyCEXI,DGV Ä!X^3pfDEZtCEI,DGXÅÇ  ﬀ z.abI[ZtCELMF=A Ho fKC}ZtC
Å`,fDGXKC ry;ﬀr=d    
.gZ#DGH,XVCB\=Ê ~XA,A,XHy\ r7Q0;ﬀ Ç7ÅÉ¼r
Ä¶Z#A[Z"1tZ r=r==  .vÄ
TX]Z#jŁÅDGF=I,XKC]Ê,XKCgZ#j±< r7Q#r= Ç  NT
 
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(yÊSQ q=R=q d=dy; d7R#x q#d7q Q#x=r
;=; (7Q0; q (=d q0;ﬀx (7Q#x d7q#
;],ÊSR (=x=d q#dy; q#=x (=d=r d7Q#r
egXjMp,I,XJ}` ﬂ*)7ﬀ.
R0Ê r bqt Q (= Q#r=  
Q q0;ﬂR (=r= q#r=  
(yÊSQ (=d7Q ;ﬀ== (7Q#  
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eo Z#IyCEDGXV_^3XVGI,DGXV 7xX |XJKCEI,fXV_H,I,DEZ#A7C_jkZÄvÅWeF=A7Cf7Z#jMX^3XA7CW^3F=A7CEDGfnjMXVfJ]Z#DCEV
XA7CEDGX°jMXV*^3XVGI,DGXV XKC jkZ ^3F0H,fjMLMVEZtCELMF=A<³ËvF#C}Z#^3^3XA7C]Ê³jMXV*CEX^3pfDEZtCEI,DGXVip,DGfJfH[Z#A7CjkZ
{%F=DG^ÆZtCELMF=AnH,XjkZWVGI,pXDGH,fKCEF=A[ZtCELMF=AOF=YyCEXAbI,XV!VGF=A7C4CEDGF=pPfjMXKu=fXV!pF=I,DJF=Ayh[DG^3XD4I,AO^3F0H,ÂjMX
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p,`,fA,F=^3ÂA,XV*Z]\7Z#A7C*jMLMXI<³Ågo XVCipF=I,DGabI,F=L_j±o F=Y 2GXKCÆH,XjkZ½CE`,ÂVGX5XVC*H,X5H,fKu=XjMF=p,pXDÆI,A,X
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pF=I,DH,fKCEXDG^3LMA,XD§jkZ CEX^3pfDEZtCEI,DGXÆH,XiH,fKCEF=A[ZtCELMF=A9Ho Xyp,jMF=VGL>{%V< vA,X*H,XV§CEXJ}`,A,LMabI,XVljMXV
p,jMI,VZ]u#Z#A,JfXVlZ#I2GF=I,DGHo `bI,LXVC§jkZiCEXJ}`,A,LMabI,XÆp7\0DGF=^3fKCEDGLMabI,X*d jMF=A,=I,XI,DGVOHo F=A,H,XÆH,fKu=X
jMF=p,pfXZ#IÆÅWz   7x±<bÅgo XVC³I,AÀ^3Fﬀ\=XAÀHo LMA7u=XVCELM7ZtCELMF=AlLMA7CEfDGXVGVEZ#A7C³pF=I,D¤JF=^3p,DGXA,H,DGXjMXV
^3fJ]Z#A,LMVG^3XV.H,XH,fKCEF=A[ZtCELMF=AÀ^ÆZ#LMV¶abI,L[DGXpF=VGX_VGI,Dj±o `7\0pF#CE`,ÂVGX_Ho I,A,X_f^3LMVGVGLMF=AlH,XVGI,D{2Z#JX









egXp,I,LMViH,X½A,F=^§Y,DGXI,VGXVZ#A,A,fXVÊWjkZ9p7\0DGF=^3fKCEDGLMXwF=pyCELMabI,XwXVC H,XKu=XAbI,X¾Ho I,A =DEZ#A,H
LMA7CEfD	KC³XA3DEZ#LMVGF=AlH,I3^ÆZ#A,abI,X_H,X_H,F=A,A,fXV³VGI,D³jkZgCEX^3pfDEZtCEI,DGXH,I3^3LMjMLMXI§XA3H,fKCEF=A[ZtCELMF=A<
TXV³p,DGX^3LMXDGV³Z#IyCEXI,DGVZ]\7Z#A7CWF=YyCEXAbIÆH,XVDGfVGI,j>C}ZtCEVVGI,D³jkZ~CEX^3pfDEZtCEI,DGX_H,XvjkZ~H,fKCEF=A[ZtCELMF=A
fKC}Z#Y,jMLMX~VGF=A7C  ~LMY,VGF=A ﬂ*)ﬀ.¼H,ÂVO;ﬀx7Q (lp,I,LMV

F=V 1#F=YF=LMA,L 1#FﬀuiXKCv×gp,LMA  7d±<¼T.o Z#^3fjMLMF=DEZtCELMF=A
H,XV_CEXJ}`,A,F=jMF==LMXV_H,XOj±o F=pyCEF0fjMXJKCEDGF=A,LMabI,XPZ#IJF=I,DGVvH,XV~R#ÀH,XDGA,LMÂDGXVgZ#A,A,fXVgZÀJF=A,H,I,L>C%
j±o fjkZ#YF=DEZtCELMF=AiH,XOp7\0DGF=^3ÂKCEDGXVgp,jMI,VvDEZ#p,LMH,XV_JF=^3^3XPjMXOp7\0DGF=^3ÂKCEDGX %33JF=I,jMXI,DGVgH,X PZtCEF
ﬂ*)7ﬀ.  7dyÊ,bqXKCvH,XOTf]Z#jŁÅDGF=I,XKCﬂ*)7ﬀ.  7x±<
TXp,DGLMA,JLMpX³H,XV¤^3fKCE`,F0H,XV¶X^3p,jMFﬀ\=fXV¤JF=A,VGLMVCEX%g^3XVGI,DGXD¶jMX,[I0§DEZ#H,LkZtCEL>{yf^3LMV!p[Z#D¶jMX










































Ao \ZÀabIo I,A,XVGXI,jMXOjMF=A,=I,XI,D_Ho F=A,H,XOH,XO^3XVGI,DGX  R=R±<s!F=I,DvI,A5p7\0DGF=^3ÂKCEDGX %ÀH,XI05JF=I0
jMXI,DGVÊj±o `7\0pF#CE`,ÂVGXlHo I,A¾JF=DGp,V~=DGLMVÊ|J#o XVC%ﬂBH,LMDGX§abI,XÀj±o f^3LMVGVGL>u0L>CEfOA,XlH,fpXA,H¾p[Z#V~H,XljkZ





XA§{%F=A,JKCELMF=A§H,XjkZgjMF=A,=I,XI,D¶Ho F=A,H,X ry; ,^ÆZ#LMV!JXKCGCEX`7\0pF#CE`,ÂVGX_Ao XVC
p[Z#VPu=fDGL>h[fXÆpF=I,DPCEF=IyCEXVjMXVOVGI,D{2Z#JXV<¶TXÆH,fKu=XjMF=p,pX^3XA7CH,XVp7\0DGF=^3ÂKCEDGXV^§I,j>CELMJ}`,DGFt























:G´HG  ¨_0,© y©, gg®W¨g© ¢§¦%g¬0©
s.jMI,VGLMXI,DGV_J}`,XDGJ}`,XI,DGVgH,XVCEDGF=LMV=DEZ#A,H,VjkZ#YF=DEZtCEF=LMDGXVZ#^3fDGLMJ]Z#LMA,VH,XPjkZ§p,`7\0VGLMabI,XOH,XV
J}`,F0JVÊbTF=V.×gjkZ#^3F=V.ËgZtCELMF=A[Z#j,T4Z#YF=DEZtCEF=D\=Ê 'yZ#A,H,LkZ~ËgZtCELMF=A[Z#jyT4Z#YF=DEZtCEF=D\§XKC   Z#VG`,LMA,#CEF=A
'bC}ZtCEX vA,L>u=XDGVGL>CB\  d7Q0Ê!Q#xyÊ!r7Q³F=A7CDGXJXA,VGfÆjMXVPCEXJ}`,A,LMabI,XVHo Z#A[Z#j>\0VGXÆF=pyCELMabI,XÀH,fKu=XjMF=p0
pfXV³pF=I,DjkZ~JF=^3p,DGf`,XA,VGLMF=A3H,XV³^3fJ]Z#A,LMVG^3XV³ZtCEF=^3LMabI,XV.XKC^3F=jMfJI,jkZ#LMDGXV¤Z#LMA,VGL[abI,XvH,XV
JLMA,fKCELMabI,XVJ}`,LM^3LMabI,XVabI,LDGf=LMVGVGXA7C_jMX~JF=^3pF=DCEX^3XA7CHo I,A Xyp,jMF=VGL>{¶VGF=I,^3LMV %§I,AJ}`,F0J#<
TXVl^3XVGI,DGXVÀDGf]Z#jMLMVGfXV§XA {%F=A,JKCELMF=A H,I CEX^3p,VlZ#p,p[Z#DEZ#LMVGVGXA7CÀjMXVlp,jMI,V§IyCELMjMXV§^ÆZ#LMVVGF=A7C



























Ho XA,DGX=LMVCEDGX^3XA7C.H,Xj±o XypfDGLMXA,JX  ( %jMLM^3L>C}ZtCELMF=A,VH,XV.Z#p,p[Z#DGXLMjMjkZ#=XV4pF=I,D¶j±o Z#JabI,LMVGL>CELMF=A
H,XV_^3XVGI,DGXV <
egXV_^3XVGI,DGXV_H,XPVGpXJKCEDGF=VGJF=p,LMX~Ho f^3LMVGVGLMF=AiF=A7C_f7Z#jMX^3XA7C_fKCEf~^3XA,fXV_H,Xp,I,LMV~;ﬀx=d=y<
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XVGVEZ#LMVH,X~p7\0DGF=^3fKCEDGLMX~dljMF=A,=I,XI,DGVWHo F=A,H,X#<[T.o LMA7CEfD	KC_VGXDEZlH,X~p,DGfJLMVGXDjMXVDGfVGI,j>C}ZtCEVWH,f 2 %
F=YyCEXAbI,Vvp[Z#DI,A,XP^3XLMjMjMXI,DGXnDGfVGF=jMIyCELMF=AiVGpXJKCEDEZ#jMX#<





















T.o fKCEI,H,XPH,IH,F=^ÆZ#LMA,XnVGX~{%XDEZ§XAwR§p[Z#DCELMXV<,Ä!F=IyC_Ho Z#YF=DGHÊ,j±o fKCEI,H,X~H,IH,F=^ÆZ#LMA,X 
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j±o F=Y 2GXKC~Ho I,A°H,fKu=XjMF=p,pX^3XA7CPVGpfJL>h[abI,X#ÊLMj¤Z*fKCEflH,fJLMH,f§H,XlJF=A,VCEL>CEI,XDnjkZÆJ}`[Z^kA,XlVGpXJ




{2Z#L>COXA7CEDGX*H,XI0 JF=Ayh[=I,DEZtCELMF=A,VOpF=VGVGLMY,jMXVÆ¿!j±o IyCELMjMLMVEZtCELMF=AwHo I,A,X*Y[Z#DGDGXKCGCEXÆH,XÆH,fKCEXJKCEXI,DGV
F=I j±o IyCELMjMLMVEZtCELMF=AÆHo I,A,XPJ]Z#^3fDEZ&%lY[Z#jkZ]\7Z#=XPH,X~{%XA7CEXOZ#VGVGF0JLMfX %lI,A,XP^ÆZtCEDGLMJXOÅÅWe<
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ÅXKCGCEXg^3fKCE`,F0H,X#Ê7p,jMI,V³JFﬃﬂyCEXI,VGX#Ê0XVCWJF=I,DEZ#^3^3XA7CIyCELMjMLMVGfX_p[Z#D  ~I,pyC}ZLﬂ*)Hﬀ.bH,Xvj±o I,A,LŁ
u=XDGVGL>CEf5H,X   Z#VG`,LMA,#CEF=ApF=I,D3jMXV3fKCEI,H,XVÆH,X5VGpXJKCEDGF=VGJF=p,LMX#< vA,XJ]Z#^3fDEZ %°Y[Z#jkZ]\7Z#=X#Ê
p,jkZ#JfX3XA9VGF=DCELMX3Ho I,A9^3F=A,F0J}`,DGF=^ÆZtCEXI,DÊ tY[Z#jkZ]\=X°jMXÀ{2Z#LMVGJX]Z#I¾H,LMVGpXDGVGfÆVGI,DOI,A fJDEZ#A
J]ZtCE`,F0H,LMabI,X#< vA,XW^ÆZtCEDGLMJXWÅÅWe XA,DGX=LMVCEDGXWjMX³VGLM=A[Z#j0f^3LMV¶p[Z#D¶j±o fJDEZ#A§J]ZtCE`,F0H,LMabI,X#<=ÅXKCGCEX
^3fKCE`,F0H,X§XVCPZ#p,p,jMLMJ]Z#Y,jMXOpF=I,DnH,XVn^3XVGI,DGXV~H[Z#A,V~j±o I,j>CEDEZ]u0LMF=jMXKCvXKC~jMXOu0LMVGLMY,jMX#< vAwCEDEZ#L>CEX







^3XA7CWfKCEfnH,fKu=XjMF=p,pfX   (±<[Í5Z#LMVp,jMI,VjkZPu0L>CEXVGVGX~Ho Z#JabI,LMVGL>CELMF=AÆXVCDEZ#p,LMH,X#Ê0p,jMI,VjkZOH,I,DGfX
H,IÆp,`,fA,F=^3ÂA,XgF=Y,VGXDu#Z#Y,jMX_XVCWJF=I,DCEX#<yÅXgV\0VCEÂ^3XgpXDG^3XKC³Ho F=YyCEXA,LMDH,XV^3XVGI,DGXVWZ]u=XJ
I,A,X*DGfVGF=jMIyCELMF=A¾CEX^3pF=DGXjMjMXÀVGI 3VEZ#^3^3XA7Ch[A,X#<¶?Bjp,DGfVGXA7CEXiXA F=IyCEDGXÆj±o Z]u#Z#A7C}Z#=X3Ho I,A,X
YF=A,A,XÆDGfVGF=jMIyCELMF=A¾VGpXJKCEDEZ#jMXÆ=D#JXÆZ#I A,F=^§Y,DGX3H,XÆH,fKCEXJKCEXI,DGVlH,XÆjkZ ^ÆZtCEDGLMJXÆÅÅWe 2r=
{%F=LMV^3XLMjMjMXI,DGXgabIo I,A,XOY[Z#DGDGXKCGCEXPH,XÀ;ﬀdlH,fKCEXJKCEXI,DGV <
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ÅF=^3pyCEXCEXAbIÀH,XWj±o F=Y 2GXJKCEL>{¼p,DGLMA,JLMp[Z#jbabI,L,XVC.Ho fKCEI,H,LMXD¤I,AlH,F=^ÆZ#LMA,XVGpXJKCEDEZ#jyfKCEXA,H,IÊ
H,I¾u0LMVGLMY,jMX %j±o LMAy{%DEZ#DGF=I,=Xlp,DGF0J}`,X#Ê!jMXÀp,DGLMA,JLMpXÀH,XÆjkZ Y[Z#DGDGXKCGCEX3H,XÆH,fKCEXJKCEXI,DGV§VGX^§Y,jMX3jMX
^3LMXI0Z#H[Z#pyCEf#<³z.ADGXKu#Z#A,J}`,X#ÊjkZ½CEXJ}`,A,LMabI,XwZ]u=XJwjkZ°J]Z#^3fDEZ %¾Y[Z#jkZ]\7Z#=XH,X {%XA7CEX½Z#V
VGF0JLMfX %*I,A,Xl^ÆZtCEDGLMJXlÅÅWeÁVGXDEZiLMA7CEfDGXVGVEZ#A7CEXljMF=DGVGabIo LMj¶Vo Z#=LMDEZÆHo fKCEI,H,LMXD~I,A½LMA7CEXDu#Z#jMjMX
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yÊ r XKCÆ;=Ê d-)#+½<!TX3pF=LMA7COH,XÀu0LMVGfXÆXVCI,A,X3VGI,D{2Z#JXÆH,X*R + + H,X3H,LkZ#^3ÂKCEDGXlXKCjkZ


















^3XA7C~XKC~pF=I,DnZ#I,=^3XA7CEXDnjkZ3jkZ#DG=XI,DgH,I½H,F=^ÆZ#LMA,XVGpXJKCEDEZ#j 2GI,VGabIo %i,ÊSQ )#+½< '0F=A
p,DGLMA,JLMpXgDGXpF=VGXnVGI,DjMXgV\0VCEÂ^3XOÅWZ#VGVGX=DEZ#LMAiH,XVWCEfjMXVGJF=pXV	M¶LM,<ydy<SQ <yT4ZVGI,D{2Z#JX
u0LMVGfXWZ]u=XJWJXKCGCEXC 	KCEXWZgI,A§H,LkZ#^3ÂKCEDGXH,X_Q + + XKC¤jkZ_{%F0J]Z#jMX³XVC¤H,XR#=+ +½<=T.o Z]u#Z#A0
C}Z#=X~H,XPJXPV\0VCEÂ^3XOXVCvVGF=Ap,jMI,VjkZ#DG=XnH,F=^ÆZ#LMA,XnVGpXJKCEDEZ#j4yÊ rﬂB,ÊSQ )#+ÃXKCvjkZ§VGF=DCELMX
VGI,DnI,A,X§VGXI,jMX§F=I½H,XI05h[Y,DGXV~F=pyCELMabI,XV 	M¶LM,<dy< d vZth[A½Ho fKCEI,H,LMXDnp[Z#DgXyX^3p,jMX§jMX
H,F=^ÆZ#LMA,X§u0LMVGLMY,jMX§XKCjMXlH,F=^ÆZ#LMA,XlLMAy{%DEZ#DGF=I,=XlXA¾^
	^3XlCEX^3p,V<4T4Z VGfp[Z#DEZtCELMF=A°H,XV
H,XI0 {2Z#LMVGJX]Z#I0iVo X |XJKCEI,X§Z#jMF=DGV %Àj±o Z#LMH,XnHo I,A,XPjkZ#^3XnVGfp[Z#DEZtCEDGLMJX#<
T4ZÀpF=VGL>CELMF=AiH,XOjkZ§C 	KCEXPF=pyCELMabI,XPp[Z#D_DEZ#p,pF=DC%Àj±o LMA7CEXD{2Z#JXPËnÍ §{%XA	KCEDGXOXAwTL M XVC
F=pyCELM^3LMVGfX~H,XP^ÆZ#A,LMÂDGX %À^3LMA,LM^3LMVGXDjMXVu#Z#DGLkZtCELMF=A,VWH,X ,[I0JF=jMjMXJKCEf~jMF=DGVGabI,XOI,A,XPVGI,D{2Z#JX




T4Z h[Y,DGX3F=pyCELMabI,X3IyCELMjMLMVGfXlXVCI,A,X3h[Y,DGX3VGLMjMLMJX tVGLMjMLMJF=A,XH,X; + + H,X3JF0XI,D npyCEDEZ#A
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?BjfKC}Z#L>CA,fJXVGVEZ#LMDGXPabI,XPjMX~^3F=A,F0J}`,DGF=^ÆZtCEXI,DVGF=L>C_pXI XA,JF=^§Y,DEZ#A7CvXADEZ#LMVGF=AiH,I H,f
p,jkZ#JX^3XA7C§H,I Y[Z#A,JÆH,X*^3XVGI,DGX*XA7CEDGX*jkZJ]Z#jMLMY,DEZtCELMF=A°XKCljkZ^3XVGI,DGX*XA H,fKCEF=A[ZtCELMF=A<!TX
J}`,F=LŁ½Ho I,A,XÀJF=I,DCEX§{%F0J]Z#jMX§XKCPHo I,A°pXKCEL>C~YF=L>CELMXDgVo XVCOLM^3pF=VGf#<egXÀp,jMI,VÊ|jMXl^3F=A,F0J}`,DGFt
^ÆZtCEXI,DJ}`,F=LMVGL4Zlj±o Z]u#Z#A7C}Z#=X~H,XPpF=VGVGfH,XDvI,A,X~CEF=I,DGXjMjMXnpF=Iyu#Z#A7CvVGI,p,pF=DCEXDvrlDGfVGX]Z#I0|<
TX~^3F=A,F0J}`,DGF=^ÆZtCEXI,DWJ}`,F=LMVGLXVCvI,A Ä!DGLkZﬂw; (=§H,XÇ#F=Y,LMA0 u=F=A<[Ågo XVCvI,A^3F=A,F0J}`,DGFt





+ +½Ê7H,X_H,LM^3XA,VGLMF=A,V³Q#nÆQ# + +½<bTXvp,DGX^3LMXD.^3LMDGF=LMD¶JF=A,J]Z]u=XgZPI,A3D =jMX
H,XnJF=jMjMLM^ÆZtCEXI,DH,XnjkZVGF=I,DGJX~jMI,^3LMA,XI,VGXgXKCjMXnVGXJF=A,Hi{2Z#L>CJF=A7u=XDG=XD%jkZVGF=DCELMXgH[Z#A,VI,A
p,jkZ#A¾{%F0J]Z#j³jkZ jMI,^3LMÂDGX3H,LMVGpXDGVGfX*p[Z#DOjMXÆDGfVGX]Z#I<¤TXÆDGfVGX]Z#I XVClY,jkZ#VGf %wyÊSQ)#+ XKC§VGF=A





+ + %ljkZljMF=A,=I,XI,D_Ho F=A,H,XPJXA7CEDEZ#jMXyÊSQ#d7Q*)#+½<¼TXV_^3XVGI,DGXVvVGX
{%F=A7C%gj±o F=DGH,DGXg;=<#T4Zv{%XA7CEXHo XA7CEDGfX_ZgI,A,XF=Iyu=XDCEI,DGXDGf=jkZ#Y,jMX 2GI,VGabIo %PR+ +½<7T4ZgpF=VGL>CELMF=A
H,IDGfVGX]Z#IXKCvj±o F=Iyu=XDCEI,DGXPH,XPjkZ§{%XA7CEXPVGF=A7CvJF=^3^ÆZ#A,H,fXV_p[Z#DI,A5s³Åg<
















































XVC~JF=A,VCEL>CEI,f§H,X*;ﬀd*p,`,F#CEF0J]ZtCE`,F0H,XVgH,XÀyÊ ( + +H,X§jkZ#DG=XI,DgXKC~H,X*;ﬀd + + H,X§`[Z#IyCEXI,DÊ
XVGp[Z#JfXVPH,XlyÊSR + +½<T.o Z#jMLM=A,X^3XA7CgH,X§jkZÆY[Z#DGDGXKCGCEX§p[Z#DgDEZ#p,pF=DC~Z#I½p,jkZ#A{%F0J]Z#j¶H,X§VGF=D
CELMX§H,I½^3F=A,F0J}`,DGF=^ÆZtCEXI,DgVo X |XJKCEI,X %*j±o Z#LMH,XH,Xlp,jkZtCELMA,XVgH,X§CEDEZ#A,VGjkZtCELMF=A<|T4Z*DGfVGF=jMIyCELMF=A
VGpXJKCEDEZ#jMXlZ#LMA,VGL!F=YyCEXAbI,XlXVCPHo XA7u0LMDGF=A°r7R

+ %iyÊSQ#d7Q )#+½ÊjMF=A,=I,XI,DnHo F=A,H,X§JXA7CEDEZ#jMX#Ê
J}`[Z#abI,XPu=F=LMXPH,XP^3XVGI,DGXPH,fKCEXJKC}Z#A7CvI,ALMA7CEXDu#Z#jMjMXnVGpXJKCEDEZ#jH,XR#dlA,^H,XPjkZ#DG=X#<
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egXVWAbI,^3fDGLMVGXI,DGV³Ä!X 17CEDGF=A,LŁÆÄ_e 'Æd (#pF=VGVGfH[Z#A7CWOu=F=LMXV³VGF=A7CWIyCELMjMLMVGfVpF=I,D³j±o Z#JabI,LŁ
VGL>CELMF=A½H,XVOVGLM=A[Z#I0|<4ÅXÀVGF=A7CH,XVPXA,DGX=LMVCEDGXI,DGV ( Y,L>CEV~H,Xl{%DGfabI,XA,JX3Ho fJ}`[Z#A7CELMjMjMF=A,A[Z#=X
^ÆZﬂyLM^ÆZ#jMXlR0ÊSQ "
y<!TF=DGVPH,XVOXVGVEZ#LMVOH,X3VGpXJKCEDGF=VGJF=p,LMXÀu0LMVGLMY,jMX#ÊjkZiH,I,DGfX3Ho XA,DGX=LMVCEDGX





×4u#Z#A7C§J}`[Z#abI,X*XVGVEZ#L±Ê!I,A,XÆJ]Z#jMLMY,DEZtCELMF=A°H,I H,LMVGpF=VGL>CEL>{H,F=L>C 	KCEDGXÆX |XJKCEI,fX#<¤T4ZVGF=I,DGJX
H,XÆDEZ]\=F=A,A,X^3XA7ClIyCELMjMLMVGfXÀXVClI,A JF=DGp,VA,F=LMD§ÍL 1bDGF=A Í5r=x= %J]Z]u0L>CEfÆH,XÆJ]Z#DGYF=A,XÆH,F=A7C
jkZ 7Z#^3^3XÀH,X3CEX^3pfDEZtCEI,DGX3Vo fKCEXA,H H,XÆx==%5r=r==ﬁ < vA9p7\0DGF=^3fKCEDGXÆfKC}Z#jMF=A ÍL 1bDGF=A
DGXjMÂKu=X°jkZ¾CEX^3pfDEZtCEI,DGX½H,I JF=DGp,ViA,F=LMD<×4u#Z#A7CiCEF=IyCEX½^3XVGI,DGX#ÊjMXwp,`,F#CEF=^§I,j>CELMp,jMLMJ]ZtCEXI,D
^§I,j>CELkZ#A,F0H,XV.XVCZ#jMLM=A,f%Oj±o Z#LMH,X_Ho I,A*jkZ#VGXD .vXËvX#<vA*p,DGF#CEF0JF=jMX_H,Xg^3LMVGX_XA*F0XIyu0DGXgH,I
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nAH,LMVCELMA,=I,X~p,jMI,VGLMXI,DGVVGF=I,DGJXVvHo XDGDGXI,DGVO¿
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T4ZÀCEX^3pfDEZtCEI,DGXH,IwJF=DGp,VnA,F=LMD_XVCnu=fDGL>h[fX§p[Z#DgjMXOp7\0DGF=^3ÂKCEDGXfKC}Z#jMF=A<
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T.o Z#jMLM=A,X^3XA7CWH,XnjkZY[Z#DGDGXKCGCEX~Z]u=XJPjMXv{2Z#LMVGJX]Z#IijkZ#VGXDWXA7CEDEZ^kA,XnI,A,X












abI,LLMA,JjMIyClj±o XDGDGXI,DÀH,I,XZ#I0 AbI,^3fDGLMVGXI,DGV %Y,DGI,L>ClXKC3p,DGfJLMVGLMF=A 	M¶LM,<¤dy<>;ﬂR <.TXVlu=F=LMXV
Xyp,jMF=L>C}Z#Y,jMXVnp,DGfVGXA7CEXA7CI,A,XÀXDGDGXI,D~LMAy{%fDGLMXI,DGX %½;ﬂR 	*<z.jMjMX§H,LM^3LMAbI,XabI[Z#A,H¾jkZÆCEX^3pf
DEZtCEI,DGX~Z#I,=^3XA7CEX#ÊyDGXVC}Z#A7CLMAy{%fDGLMXI,DGX%*;ﬀ 	mpF=I,DWjMXVCEX^3pfDEZtCEI,DGXVWVGI,pfDGLMXI,DGXV %Æ; (==
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T.o XDGDGXI,D§F=YyCEXAbI,X*Z#I09Y[Z#VGVGXV§CEX^3pfDEZtCEI,DGXVOXKClZ#I09JF=I,DCEXV§jMF=A,=I,XI,DGVOHo F=A,H,X*XVC
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  après l'entrée du choc (0.3 µs)
 avant formation de la SD (1.2 µs)
 formation SD (1.65 µs)
 après formation de la SD (1.9 µs)
 rattrapage du choc par la SD (2.15 µs)
 détonation forte (2.45 µs)
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 après l'entrée du choc (0.3 µs)
 avant formation de la SD (1.2 µs)
 formation SD (1.65 µs)
 après formation de la SD (1.9 µs)
 rattrapage du choc par la SD (2.15 µs)
 détonation forte (2.45 µs)
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 détonation établie (3.8 à 4.4 µs)




















C~ 	7 +-ﬁﬃ ﬁﬃ60	7ﬀ2!E'+)!(%/
!>@ﬀﬂﬁﬃﬀ !>ﬁ

ﬁﬃﬀ)%F(%Fﬁ +ﬂ !  3 ﬀ)%'( ﬁ(%/1	7ﬀ
 3 	7ﬀﬂ; 5(%'	7ﬀﬂﬁﬃ%/1	7ﬀ ﬁ






1. Flux provenant des produits de détonation,
absorbé par la couche à l’arrière de l’onde de détonation
2. Flux provenant d’une couche d’épaisseur constante
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luminance émise par une couche de produits 
d'épaisseur constante de 5 mm ; 
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1. Origine du flux mesuré à <0,6 µml
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 coefficient d'absorption des produits
de détonation établie à 3600 K
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ZcX[q°cdSRz`cRzmxOgdWOgqBw;UWdSR%P¶q#OgVYP¶OgpcPSPSV hji VYZtUWb%r[dWO1UWVYX[ZB` i VYZ}ÂÃX[dSq#O1UWVYX[ZcP%^¯NR%PµmxOgdWOgqBw;UWdSR%P¶`cRzh´O
mxOgdWOgqBb;UWdSVYPWO1UWVYX[Z#dSb%`cpcVfUWRzPSX[ZtUyqBX[VYZcP¶ZcX[q°cdSR%p{8q#OgVYP¶T§vxOgT%pcZ`cR%PµmxOgdWOgqBw;UWdSR%PµT%X[ZtUWVYR%ZtU
mchYpcPµ` i VYZ}ÂÃX[dSq#O1UWVYX[ZcP¶®¯pcR,hYR9qBº%qBR9ZcX[q°cdSR9`cR>mxOgdWOgqBw;UWdSR%P`cR>h´OmxOgdWOgqBb;UWdSVYPWO1UWVYX[Z 6xZcRg^
NR¹T§vcX[V£{s` i R|{}mcdSVYqBR%dzhYRT%XR;ÞBT%VYR%ZtU>` i Og°cPSX[dSm}UWVYX[Z¿T%X[qBqBR±pcZcR¹r[dWOgZc`cR%pcdz®¯pcV*ZcR¹`cb|·
moR%Zc`8®¯pcRz`cRzh´O,UWR%qBmob%dWO1UWpcdSRg²R%hYhYR|·¥qBº%qBRµÂÃX[ZcT;UWVYX[Z`cRzh´O,moX[PSVfUWVYX[Z#R;U2`cpUWR%qBmcP%²}R;U2`cRzh´O
hYX[Zcr[pcR%pcdá` i X[Zc`cRµR%ZtUWdWO1Ä´ZcR2pcZ¹mcdSX[°chYw%qBR¶`xOgZcP*hji VYZtUWR%dSmoX[h´O1UWVYX[Z ^ªkZ¹R;³R;U²ghYR2PST§vcb%q#OzT§vcX[VYPSV
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t , kf in f in
t , kréduit com   plet
t , kf in scalaire
t , kf in t ensoriel
t , kf in com   plet
t , kréduit t ensoriel
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t , kf in f in
t , kréduit com   plet
t , kf in scalaire
t , kf in t ensoriel
t , kf in com   plet
t , kréduit t ensoriel

















Numéro de la valeur singulière
t , kf in f in
t , kréduit com   plet
t , kf in scalaire
t , kf in t ensoriel
t , kf in com   plet
t , kréduit t ensoriel
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Pas sur le segment [X ,X ]0 1
réduit
Point initial T=3850 K
réduit
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µR%PUzb%rtOghá¸#~[~  ²Tgi R%PU9®¯pcR±hYR,T%XR;ÞBT%VYR%ZtUz` i Og°cPSX[dSm}UWVYX[ZZ i R%PUzmxOgP¬dSR;UWdSX[p}e[b
R|{cOgT;UWR%qBR%ZtU^cÀOgVYPﬃpcZ#moX[pcdST%R%ZtU§Ogr[Ry`cR¬~[~   `cRyqBR%PSpcdSR%P¶R|{}mchYVY®¯pcb%R%PÈR%PU¶UWdSw%P¶OgT%T%R%m}U§Og°chYRg^
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¸±UWVfUWdSR¬` i VYZ}ÂÃX[dSq#O1UWVYX[Z©|^NRzmcdSXﬃ6xh dSR%T§vcR%dST§vcb,R%PU°cVYR%Z8dSR;UWdSX[p}e[b9`cX[ZcT9h´O±qBb;UWvcX`cRzR%PUµegOª·
hYVY`cb%RymoX[pcdÈhYR¬TOgP¬\[^}NR%P¶mcVYT%P¶X[°}UWR%Z¯pcP2moX[pcd¶T%R%dU§OgVYZcP¶mcdSXﬃ6xhYPÈ`cpT%XR;ÞBT%VYR%ZtUµ` i Og°cPSX[dSm}UWVYX[Z
X[°}UWR%Z¯pcPymxOgdhji X[m}UWVYqBVYPWO1UWVYX[Z#vcVYb%dWOgdST§vcVY®¯pcR%PPSX[ZtU¬hYVYb%Pµ¸Åhji VYZtUWR%dSmoX[h´O1UWVYX[Z#`cR%PyZcXR%pc`cPy`cR>h´O











































































Ni VYZte[R%dSPSVYX[ZQR%PU`cX[ZcT#PWO1UWVYPÂÛOgVYPWOgZtUWRBmoX[pcd,h´O.dSR%T§vcR%dST§vcR8` i pcZQmcdSXﬃ6xhÈ`cRÅUWR%qBmob%dWO1UWpcdSR
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R%ZtUWdSR.hYR8N:kﬃkﬃkµ²hYR.¼2k  R;UÅhji 3¾¬l 3ﬁﬀ±^43¥h2P%i Ogr[VYPSPWOgVfU¹` i VYZte[R%dSPSR%dÅhji b%®¯pxO1UWVYX[ZÑ`cRUWdWOgZcPÂÃR%dU
dWOg`cV´O1UWVfÂ¬OgmcmchYVY®¯pcb%R¸h´O¿UWdWOgZcPSVfUWVYX[ZT§vcXT|·¥`cb;UWX[ZxO1UWVYX[Z`cpﬀ¾zÀ(²ﬃmoX[pcdÅ`cR%P#qBVYhYVYR%p{Q`cX[ZtU
ZcX[pcPyOe[X[ZcPyqBX[ZtUWdSb9®¯p i VYhYPµb;U§OgVYR%ZtUPSR%qBV£· UWdWOgZcPSmxOgdSR%ZtUWP%^































































hYX[r[VYT%VYR%h `cR,TOghYT%pch:h´Ogr[dWOgZcr[VYR%Z.pcZcVY`cVYqBR%ZcPSVYX[ZcZcR%h vt«`cdSX[dSbOgT;UWVfÂì Kªïj^¼¶R±TOgPyqBX`cb%hYVYPSR>hji Ogm·
mxOgdSVfUWVYX[Z¹`cRyhji X[Zc`cR`cRPSpcmoR%dS`cb;UWX[ZxO1UWVYX[Z#OgpBT%X[pcdSPÈ`cpBUWR%qBmcPﬃmcpcVYPﬃh´OzÂÃX[dSq#O1UWVYX[Z¹`cRyhji X[Zc`cR
`cR>`cb;UWX[ZxO1UWVYX[ZOgp.qBX«[R%Z` i pcZqBX`cw%hYR9dSbOgT;UWVfÂ4°xOgPSb>PSpcdyh´O±UWvcb%X[dSVYR9`cR%Pb;U§O1UWP`cR9UWdWOgZcPSV£·
UWVYX[Z ^ ﬀ 7ÈŁjN}²xhYR9T§vcXT,R%ZtUWdSR,`xOgZcPyhYR>¾zÀÁ¸¹h´O¹moX[PSVfUWVYX[Z8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x=19 mm : position de l'interface plaque de  
transfert/NM à l'entrée du choc dans la cellule
Formation de 
l'onde de détonation
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UWVY®¯pcR9¸î±hYX[Zcr[pcR%pcdSP2` i X[Zc`cRz`cVYPST%dSw;UWR%P>ì Ægæ1ïj²}moX[pcdÈe[b%dSV@6xR%d2R;UµmcdSb%T%VYPSR%d2hYR%P2VYZtUWR%dSmcdSb;U§O1UWVYX[ZcP
PSpcdµhji b%qBVYPSPSVfeVfUWb¬`cR%P`cVf³b%dSR%ZtUWPµqBVYhYVYR%p{BmcdSb%PSR%ZtUWPyhYX[dSP2`cR9h´O±UWdWOgZcPSVfUWVYX[ZT§vcXT|·¥`cb;UWX[ZxO1UWVYX[Z ^
N:O,mchYpcmxOgdU¶`cR%P2OgdUWVYT%hYR%PÈmoX[dU§OgZtU¶PSpcd¶h´O,mt«dSX[qBb;UWdSVYRyPSmoR%T;UWdWOghYRyX[ZtU2T%X[Zc`cpcVfU2¸,b;U§Og°chYVYdﬃ®¯pcR







©ì ítî}² í K²:Ægæªïj^4¼¶R%moR%Zc`xOgZtU²`cR%P>VYZcT%R%dUWVfUWpc`cR%P
`cR%qBR%pcdSR%ZtU2®¯pxOgZtUµOgp{#mcdSX[mcdSVYb;UWb%P¶X[m}UWVY®¯pcR%PÈ`cR%P2mcdSX`cpcVfUWPÂÃX[dSqBb%PÈR%ZtUWdSR¬hji OgqBX[dvKOgr[RR;U¶h´O
ÂÃX[dSq#O1UWVYX[Z¹`cR¬h´O9`cb;UWX[ZxO1UWVYX[Z ^N:O>Zcb%T%R%PSPSVfUWb¬` i Oe[X[VYdÈmchYpcPÈ`cRyqBR%PSpcdSR%P¶PSmoR%T;UWdWOghYR%P2O wSpcPUWV@6xb



































R%Z¿`cR%P9VYqBmxOgT;UWP¬mch´OgZcPz` i pcZmcdSX wSR%T;UWVYhYR±PSpcdzpcZcR¹T%VY°chYR±T%X[ZtUWR%ZxOgZtU>hji R|{}mchYX[PSVfÂhYVY®¯pcVY`cRg^½¬R%P

























`cR>dSbOgT;UWVYX[ZcPµT§vcVYqBVY®¯pcR%PhYXTOghYVYPSb%R%Pµ¸¹hji VYZtUWR%dÂÛOgT%R9mch´Og®¯pcR9`cR9UWdWOgZcPÂÃR%dU ng¾zÀ ì ít~1ïj^
Ni OgZxOghf«PSRPSmoR%T;UWdWOghYRµ`cRhji VYZtUWR%ZcPSVfUWb2b%qBVYPSRg²[T%X[pcmchYb%R¸9hji OgZxOghf«PSR2UWR%qBmoX[dSR%hYhYR¶moR%dSqBR;Uﬃ`cR
PSpcVfedSRBhYR%P>b;e[X[hYp}UWVYX[ZcP>`cR%P,TOgdWOgT;UWb%dSVYPUWVY®¯pcR%P,X[m}UWVY®¯pcR%P>`cR%P,qBVYhYVYR%p{s`cpcdWOgZtU±h´OUWdWOgZcPSVfUWVYX[Z
T§vcXT|·¥`cb;UWX[ZxO1UWVYX[Z ^Ni OgmcmxOgdSVfUWVYX[ZÅ` i pcZcR¬`cVYPST%X[ZtUWVYZ¯pcVfUWbyT%R%ZtUWdSb%Rz¸±æ}²	K5;$>`cw%P¶h´O9ÂÃX[dSq#O1UWVYX[Z
`cR¹h´OBPSpcmoR%dS`cb;UWX[ZxO1UWVYX[Z¿mcdSb%T%VYPSR¹hYR%PzqBR%PSpcdSR%P9`cR¹mt«dSX[qBb;UWdSVYR±R;³R%T;UWpcb%R%P±¸#`cR%P9hYX[Zcr[pcR%pcdSP









`cb;UWX[ZxO1UWVYX[Z8PSX[ZtU¬PSR%qBV£· UWdWOgZcPSmxOgdSR%ZtUWP%^xë4X[pcdhYR%PµhYX[Zcr[pcR%pcdSP` i X[Zc`cR>T%X[qBmcdSVYPSR%PµR%ZtUWdSR





b%qBVYPmcdSXeVYR%ZtU¶OghYX[dSP` i pcZcRyT%X[pcT§vcRy`cRmcdSX`cpcVfUWPﬃ`cRdSbOgT;UWVYX[ZÅ` i b%mxOgVYPSPSR%pcdÈT%X[ZcPU§OgZtUWR
¸¹hji OgdSdSVYw%dSRz`cR>hji X[Zc`cR9`cR>PSpcmoR%dS`cb;UWX[ZxO1UWVYX[Z ^
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R%PUTOghYT%pchYb%RÅmxOgd,hYRÅT%X`cRÅUWvcR%dSqBXT§vcVYqBVY®¯pcR  4©¬PSpcPST%R%m}UWVY°chYR%P±` i b%qBR;USUWdSRBPSX[ZtUhYR


























hji b%®¯pxO1UWVYX[Z(`cRÅUWdWOgZcPÂÃR%dU±dWOg`cV´O1UWVfÂ² ®¯pcVﬃmcdSR%Zc`QR%ZaT%X[qBm}UWRBhji b%qBVYPSPSVYX[Z ² hji Og°cPSX[dSm}UWVYX[Z
R;Uyh´O`cVf³pcPSVYX[Z8`cpqBVYhYVYR%p ^
­
½¬R%Pmcvcb%ZcX[qBw%ZcR%P` i b%qBVYPSPSVYX[ZOgp}UWdSR%P.®¯pcR(UWvcR%dSqBVY®¯pcR%P.moR%p}e[R%ZtU¿Oe[X[VYd.hYVYR%p PSX[pcP
ÂÃX[dSqBRÅ`cR#T§vcVYqBVYhYpcqBVYZcR%PST%R%ZcT%Rg^:Ni b%®¯pxO1UWVYX[Za`cRBUWdWOgZcPÂÃR%dUdWOg`cV´O1UWVfÂ¶p}UWVYhYVYPSb%RÅmoX[pcd,hYR
qBX`cw%hYRÅZ i R|{}mcdSVYqBR#®¯pcR#`cR%Pmcvcb%ZcX[qBw%ZcR%P±` i b%qBVYPSPSVYX[Z(UWvcR%dSqBVY®¯pcRg^ 3¥hÈPSR#moR%p}U®¯pcR
h´OsÂÃX[dSq#O1UWVYX[ZÑ`cp `cVYX{«`cR` i Ogu%XgUWRhYX[dSP¹`cRh´O¿`cb%T%X[qBmoX[PSVfUWVYX[Z`cp¾zÀGmcdSXe[X®¯pcR












N:O¿`cb;UWR%dSqBVYZxO1UWVYX[ZQ`cR%PÅmcdSXﬃ6xhYP¹`cRUWR%qBmob%dWO1UWpcdSR.OsÂÛOgVfUhji X[°EwSR;UÅ` i pcZcR.T%X[hYh´Og°oX[dWO1UWVYX[Z
R%ZtUWdSR¿hYRsN:kﬃkﬃkµ²¶hYR¿¼2k MR;U8hji 3¾¬l 3ﬁﬀ±^¶Ni 3¾¬l 3ﬁﬀ Oa`cb;e[R%hYX[mcmob¿pcZ¡OghYr[X[dSVfUWvcqBR.` i X[m}UWV£·



















 ^ë4X[pcd¹hYR%P¹`cR%p{ Ogp}UWdSR%P¹TOgP%²*hji VYZte[R%dSPSVYX[ZÑ` i pcZmcdSXﬃ6xh2`cR8hYpcqBVYZxOgZcT%R#TOgdWOgT;UWb%dSVYP·
UWVY®¯pcR9` i pcZ.mcdSXﬃ6xh `cRzUWR%qBmob%dWO1UWpcdSRz®¯pcVZ i R%PUmxOgPµdSR%mcdSb%PSR%ZtUWb,R|{cOgT;UWR%qBR%ZtUymxOgd2hji b%®¯pxO1UWVYX[Z
vt«moR%dS°oX[hYVY®¯pcRg²xZcR>moR%dSqBR;UmxOgP`cR>dSR;UWdSX[p}e[R%dµUWX[p}UWR%PhYR%PTOgdWOgT;UWb%dSVYPUWVY®¯pcR%P`cpmcdSXﬃ6xhj^





mcdSXT§vcR%P9`cRh´OBPSX[hYp}UWVYX[Z ^oN:O#qBb%T%X[ZcZxOgVYPSPWOgZcT%R`cp¿T%XR;ÞBT%VYR%ZtU9` i Og°cPSX[dSm}UWVYX[Zs`cR%P9mcdSX`cpcVfUWP
`cR>dSbOgT;UWVYX[Z.R;Uy`cR>`cb;UWX[ZxO1UWVYX[Z8R%PU¬h´¸¹OgpcPSPSVpcZX[°cPU§OgT%hYR>q#O:wSR%pcd¸¹h´O¹dSb%PSX[hYp}UWVYX[Z ^






















UWR%pcdSPﬀ3¥Z >O ﬀ¬P2moX[pcd2hYR%P2TOgqBb%dWOgP2moR%dSqBR;USUWR%ZtU`cRzdSb%moX[Zc`cdSR>¸T%RzmcdSX[°chYw%qBRg^cNi p}UWVYhYVYPWO1UWVYX[Z








` i X[Zc`cR9`cVYPST%dSw;UWRg^ckZ*6xZ ²ch´O±qBVYPSRzOgp8moX[VYZtU2` i pcZ8`cVYPSmoX[PSVfUWVfÂ` i VYqBmxOgT;U¶mch´OgZmoX[pcd2R;³R%T;UWpcR%d
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^ æ}²tpcPSR%d%i P¶q#OgZ¯pxOgh $o²¯»4R%T§v ^
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3¥ZtUWR%ZcPSVfUWb>` i pcZcR,PSX[pcdST%R>`xOgZcPpcZcR>`cVYdSR%T;UWVYX[Z.`cX[ZcZcb%RB^,^,^>^,^,^,^,^,^,^,^,^ K
\[^ _ ¼¶X[pcdS°oR%P`cR,ëh´OgZcT  moX[pcdµ`cVf³b%dSR%ZtUWR%PUWR%qBmob%dWO1UWpcdSR%P ^,^>^,^,^,^,^,^,^,^,^
ò
\[^ í kqBVYPSPSVYX[Z nﬀ¬°cPSX[dSm}UWVYX[Z` i pcZb%hYb%qBR%ZtUy`cR9e[X[hYpcqBR9`cR>rtOgu ^,^,^,^,^,^,^,^,^ \[\












¼¶vcR%qBVYPUWd« aR%°c°oXX  }©(^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^,^ \_





















































Æ^ _ ½¬VYPSmoX[PSVfUWVfÂ:R|{}mob%dSVYqBR%ZtU§Ogh` i VYqBmxOgT;Uµmch´OgZ.PSpcdpcZcR>T%VY°chYR9`cR,¾zÀ ^,^,^,^,^,^ít~


































î}^f\æ ½¬VYPSmoX[PSVfUWVfÂ:`cR>PSmoR%T;UWdSX[PST%X[mcVYR,` i b%qBVYPSPSVYX[Z^,^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^î}\









ÂÃX[ZcT;UWVYX[Z,`cR¶h´OUWR%qBmob%dWO1UWpcdSRÈR;U*`cR2h´OhYX[Zcr[pcR%pcd4` i X[Zc`cR¶hYX[dSP4`cR2h´OTOghYVY°cdWO1UWVYX[Z îtÆ





î}^f\4K ¼¶X[pcdS°oR>`cR>dSb%moX[ZcPSR>`cp`cb;UWR%T;UWR%pcd_3¥Z >O ﬀ¬P ^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^îK
î}^f\
ò

























































PWOgVYPµ` i VYqBmxOgT;Uµmch´OgZ.PSpcd`cR%PyT%VY°chYR%Pµ`cR,¾zÀ ^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^
ò
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^	K ëdSXﬃ6xhYPy`cRhYpcqBVYZxOgZcT%R>X[°}UWR%Z¯pcPzmxOgd¬mt«dSX[qBb;UWdSVYR±qpchfUWV£·¥hYX[Zcr[pcR%pcdSPµ` i X[Zc`cR



























































































































































































~¡¼¶XR;ÞBT%VYR%ZtU:` i Og°cPSX[dSm}UWVYX[Z9`cR%P:mxOgdUWVYT%pchYR%P `cRTOgdS°oX[ZcRT;«hYVYZc`cdSVY®¯pcR%P R;U:PSmcvcb|·
dSVY®¯pcR%P,`cR#`cVf³b%dSR%ZtUWP,`cV´OgqBw;UWdSR%P,` i OgmcdSw%P±hYR%P,TOghYT%pchYP>`cRNR%R#R;U±»µVYR%Z ²:`cR
ÂÃdWOgT;UWVYX[Ze[X[hYpcqBVY®¯pcR>æ}^ æ[î^,^,^,^,^,^,^>^,^,^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^\[\[\
ò




























































































































` i X[Zc`cR¿R%Z`cb;UWX[ZxO1UWVYX[Z b;U§Og°chYVYRhYX[dSP8` i R%PSPWOgV9PSpcd8hYR¾zÀ R;U.hYR¿qBb%h´OgZcr[R












r[pcR%pcdSP` i X[Zc`cR ^,^>^,^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^,^\_[~
~}^ í ëdSXﬃ6xhYP`cR#UWR%qBmob%dWO1UWpcdSR8`xOgZcPhYRTOgP¹` i pcZcR8`cb;UWX[ZxO1UWVYX[ZÑOgp}UWX[ZcX[qBRPU§Oª·
UWVYX[ZcZxOgVYdSR¬PSX[p}UWR%Z¯pcR ^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^,^\ítæ
~}^ÇÆ ëdSXﬃ6xhYPﬃ`cRyUWR%qBmob%dWO1UWpcdSR`xOgZcP¶hYRTOgP¶` i pcZcR¬`cb;UWX[ZxO1UWVYX[ZBPU§O1UWVYX[ZcZxOgVYdSROe[R%T
`cb;UWR%ZtUWR,`cR%PmcdSX`cpcVfUWPµVYPSPSpcP`cR>h´O¹`cb;UWX[ZxO1UWVYX[Z	^,^,^,^,^,^>^,^,^,^,^,^,^,^,^\íc\
~}^ î ëdSXﬃ6xhYPµ`cR9UWR%qBmob%dWO1UWpcdSR9`xOgZcPhYR9TOgPPSVYqBmchYRz` i pcZcR,PSpcmoR%dS`cb;UWX[ZxO1UWVYX[Z ^,^,^\íc\
\æ}^f\ 9dSVYhYhYRy`cR%PyT%XR;ÞBT%VYR%ZtUWP` i Og°cPSX[dSm}UWVYX[Z.ZcX[dSq#OghYVYPSb%P¶ÂÃX[pcdSZcVYRÁ^,^,^,^,^,^,^,^,^\í[í
\æ}^
â
lb%PSpchfU§O1U*`cRµhji VYZtUWR%dSmoX[h´O1UWVYX[Z>`cR%P*egOghYR%pcdSP*`cpÅT%XR;ÞBT%VYR%ZtU` i Og°cPSX[dSm}UWVYX[Z¹qBX1·
ZcXT§vcdSX[q#O1UWVY®¯pcRzR%Z.ÂÃX[ZcT;UWVYX[Z.`cR>h´O±UWR%qBmob%dWO1UWpcdSR±^,^,^,^,^>^,^,^,^,^,^,^,^,^\í¯Æ























































































































Ogp}UWX[ZcX[qBRPU§O1UWVYX[ZcZxOgVYdSR±`cp(¾zÀ TOghYT%pchYb%R¹Oe[R%T   R;U>hji b%®¯pxO1UWVYX[Z











»4R%qBmob%dWO1UWpcdSR`cpÂÃdSX[ZtU`cR(`cb;UWX[ZxO1UWVYX[Z¡`cp ¾zÀ ` i OgmcdSw%P`cR%PdSb%PSpchfU§O1UWP
UWvcb%X[dSVY®¯pcR%P%^lb%PSpchfU§O1UWP2UWVYdSb%P`cRBì í K¯²xít~ªïj^^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^,^_tÆ






































ë4X[PSVfUWVYX[ZcPyR;UzVYZtUWR%ZcPSVfUWb±`cR%PzdWOgVYR%P¬` i Og°cPSX[dSm}UWVYX[Zs`cR±h´OÅegOgmoR%pcd¬` i ROgp¿`xOgZcP
hYR9`cX[q#OgVYZcR¬eVYPSVY°chYR|·¥mcdSXT§vcRzVYZ}ÂÃdWOgdSX[pcr[R^,^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^,^\[\_
ò
^ _ ¼¶X[qBmoX[PSVfUWVYX[Z9T§vcVYqBVY®¯pcRﬃ`cR%PámcdSX`cpcVfUWP:`cRÈdSbOgT;UWVYX[Z,VYPSPSpcPá` i pcZcRÈ`cb;UWX[ZxO1UWVYX[Z
Ogp}UWX[ZcX[qBR¬PU§O1UWVYX[ZcZxOgVYdSR¬` i pcZ.qBb%h´OgZcr[RzîtÆ  UWb;UWdWOgZcVfUWdSX[qBb;UWvxOgZcR9_tÆ  ZcV£·






















\[\[^ _ lb%PSpchfU§O1UWPµ`cR>hji VYZte[R%dSPSVYX[Z.`xOgZcPhYR9TOgP
â
^,^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^\î}\
\[\[^ í¡lb%PSpchfU§O1UWPµ`cR>hji VYZte[R%dSPSVYX[Z.`xOgZcPhYR9TOgPy_Î^,^,^,^,^,^,^,^,^,^>^,^,^,^,^,^,^,^\îtÆ
\~[æ
